The fundamental Higgs doublet may be replaced in the Standard Model by certain nonperturbative four-quark interactions, whose e ect is to induce a composite Higgs sector responsible for electroweak symmetry breaking. A simple composite two-Higgs-doublet model is presented. The four-quark interactions arise naturally if there are either extra spatial dimensions or larger gauge symmetries at a multi-TeV scale. Some theoretical and phenomenological implications of these scenarios are discussed.
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I. MOTIVATION
The fundamental interactions observed so far in experiments are the S U3 C SU2 W U1 Y gauge interactions acting on three generations of chiral fermions, measured at length scales larger than 10 ,16 cm, and the universal gravitational interactions, measured at length scales larger than about 1 mm. In addition, it is necessary that some new interactions break spontaneously the electroweak symmetry. In the Standard Model these new interactions involve a fundamental Higgs doublet, which i s a c o n venient but rather ad-hoc assumption. It is troublesome that the Higgs mass is not controlled by gauge invariance. The same remains true for the Supersymmetric Standard Model, where the term is not determined by the supersymmetry breaking scale. Although this problem may be cured by the presence of a new gauge group whose breaking is linked to the transmission of supersymmetry breaking 1 , it remains desirable to investigate other origins of the electroweak asymmetry of the vacuum.
It is remarkable that the electroweak symmetry may be spontaneously broken without the need for new elds. This is possible because the electroweak symmetry is embedded in the chiral symmetry of the quarks and leptons. Given that strongly coupled four-fermion interactions induce chiral symmetry breaking 2 , it is possible to replace the fundamental Higgs doublet by certain four-quark operators 3,4 . However, a computation of the W and Z masses in the large N c limit indicates that the electroweak breaking quark mass should be of order 0.5 TeV in the absence of excessive ne-tuning. It would be tempting then to consider a fourth generation of fermions, but this is disfavored by the current electroweak data at the 99.8 con dence level 5 in the case of degenerate fermions.
There is a simple solution to this puzzle: to introduce a seventh quark, , whose left and right components transform as the right-handed top quark, t R , under the Standard Model gauge group. In this case, there is mass mixing between and t. The electroweak breaking R t L mass induced by four-quark interactions can be of order 0.5 TeV, while the electroweak preserving masses R L and t R L may b e c hosen to yield the physical top mass at 175 GeV. This is the top condensation seesaw mechanism 6 . A consequence of this scenario is the existence of several composite scalars. If the four-quark operators involve only the R and the t; b L doublet, then the low energy theory is the Standard Model with a heavy Higgs boson 7 . On the other hand, if the t; b and participate in the four-quark interactions, the composite Higgs sector includes three weak doublets and three singlets 7 . Due to the mixing between the doublets, one of the neutral Higgs bosons may be light. In fact there is a second order phase transition from the electroweak asymmetric vacuum to a non-viable vacuum, in which the lightest Higgs mass vanishes. Therefore, in this case the only lower bound on the Higgs mass is set by direct searches.
e-mail address: bdob@fnal.gov By contrast to other mechanisms for dynamical electroweak symmetry breaking, this framework reduces to the Standard Model in a decoupling limit. For example, in the three-Higgs doublet model mentioned above, one can increase the masses of all the composite states other than the lightest Higgs boson, by increasing the scale of the four quark operators and the mass while keeping the VEVs close to the boundary of the second order phase transition. This guarantees that the models of this type are in agreement with the electroweak precision measurements at least as long as the Standard Model is in agreement. A simpler model, with a composite Higgs sector involving only two doublets, which reduces to the Standard Model in the decoupling limit is presented in Section II.
These arguments show that the fundamental Higgs doublet from the Standard Model may be successfully replaced by a v ectorlike quark and four-quark interactions. Such a theory is non-renormalizable, so that one has to identify a suitable origin of the four-quark operators. They may be generated by the dynamics of some spontaneously broken gauge group. The prototypical group of this sort is topcolor 8 , which i s a n e m bedding of S U3 C in S U3 S U3.
Models of this type are discussed in 6,7 . Other embeddings have been introduced in Ref. 9, 10 . A complication of this approach is that the breaking of the additional gauge groups is non-trivial because of their strong couplings.
Another possibility is that the four-quark operators are induced by some gauge dynamics in compact spatial dimensions 11 . There are two immediate reasons that make this possibility attractive. First, from a four-dimensional point of view, the gauge bosons that have a non-zero momentum in the extra dimensions appear as massive, so that they induce four-fermion operators in the low energy theory without the need of breaking the gauge symmetry. Second, the gauge coupling is dimensionfull in more than four-dimensions such that the strength of the gauge interactions increases with the energy, giving rise to non-perturbative e ects 12 .
In addition, the compact spatial dimensions may provide a special bonus. To see this note that the existence of a fundamental quark may be seen as arti cial as the Higgs sector in the Supersymmetric Standard Model because its mass is not controlled by gauge invariance. However, if the t R propagates in the extra dimensions, the four-dimensional fundamental may be replaced by the Kaluza-Klein excitations of t R .
The possibility of electroweak symmetry breaking due to dynamics in extra dimensions is discussed in section III. L eld in the low energy theory, this interaction has to be non-con ning. By increasing the strength of this interaction, the Higgs eld becomes more deeply bound, until it develops a VEV.
II. A VIABLE COMPOSITE TWO-HIGGS-DOUBLET MODEL
The simplest interaction of this sort is a four-quark term in the Lagrangian. For breaking electroweak symmetry it is su cient that the four-quark operator involves the R and the 3 L 7 . In this case, the mass of the composite Higgs boson is determined by the electroweak scale, and is large, close to the upper bound allowed by unitarity and triviality. On the other hand, if the t R also participates in the four-quark interaction, then the relation between the Higgs mass and the electroweak scale disappears. This is the consequence of the mixing between the two composite Higgs doublets that are present in this situation. Therefore, the Standard Model with a Higgs boson mass constrained from below only by direct searches, may be obtained in a certain decoupling limit from a theory which includes the following four-quark operators: change the results qualitatively. Furthermore, certain important features such as the existence of a second-order phase transition are independent of the 1=N c expansion 13 . In the large-N c limit, there are contributions see Fig. 1 7 From the expression for the masses it follows that as the four-quark couplings g 2 t; are varied, the vacuum su ers a second order phase transition or at least a weakly rst order one. Note that in addition to the terms displayed in Eq. 4, the potential includes higher dimensional terms and sub-leading terms in =M, which m a y be neglected. The 1 Some related composite two-Higgs-doublet models have been studied in 15 . This limit implies a ne-tuning of the mass parameters in the potential such that the two VEVs remain xed when the masses increase. Eqs. 6 and 7 remain valid provided M 2 =. It is clear that a tuning of M Ht; , and t allows the h 0 to remain light, while the other physical scalar masses decouple. Therefore, in this decoupling limit the composite Higgs sector reduces to the Standard Model Higgs. In actuality it is not necessary to tune the parameters more nely than a few percent in order to keep the corrections to the electroweak observables in agreement with the data the main constraint comes from the parameter 6,7,14 . With the electroweak symmetry broken correctly and the top quark mass accommodated as shown above, it remains to produce the masses and mixings of the other quarks and leptons. In the e ective theory below the scale M, these are easily generated by perturbative four-fermion operators which induce Standard Model Yukawa couplings. For example, the operators 1 
III. GAUGE DYNAMICS IN COMPACT SPATIAL DIMENSIONS
The non-perturbative four-quark operators introduced in Section II may arise naturally in the presence of compact spatial dimensions 11 . Although this is a rather general statement, it is instructive to discuss it from the perspective of string theory.
String or M theory predicts the existence of 16 or 32 conserved supercharges, and six seven extra spatial dimensions at the string scale M s . It has been traditionally assumed that i M s is close to the Planck scale, ii the extra dimensions are compacti ed at M s , and iii N = 1 supersymmetry is preserved all the way d o wn to the electroweak scale. All these assumptions are consistent with a perturbative string picture. However, the recent progress in understanding non-perturbative string dynamics raises questions about these three assumptions.
First, it is natural that the string scale M s is lowered down to the GUT scale 16 , and in fact it can be placed anywhere below the Planck scale, with a lower bound set by phenomenology in the TeV range 17 . A remarkable realization of this idea 18 is based on the observations that there may be compact dimensions as large as 1 mm provided they are accessible only to gravitons, and that the scale where gravity becomes strong is suppressed by the volume of the compact space. The restriction of matter and gauge elds to a surface in extra dimensions is permitted in string and M theory by the existence of branes.
Second, extra dimensions accessible to both gravitons and gauge bosons may also have compacti cation scales as small as a few TeV 19 , and in principle could be somewhat larger than M ,1 s .
Finally, non-perturbative string e ects may break supersymmetry completely at the M s scale. For example, a general manifold does not preserve a n y supercharge, so that if some of the spatial dimensions have the compacti cation scale at M s , the low energy theory may be a non-supersymmetric eld theory.
Of course, string theory is still plagued with phenomenological disasters, such as the cosmological constant problem, the existence of potentially massless moduli, or the inability of predicting the Standard Model at low energy. However, these problems might be solved in the future. Until the non-perturbative string e ects will be better understood, it is useful to adopt a phenomenological approach, and to investigate various scenarios for physics beyond the Standard Model inspired by the above considerations regarding string theory.
A commonly used assumption for allowing chiral fermions in the four-dimensional theory obtained upon dimensional reduction, is that a quantum eld theory may b e de ned on an orbifold, which is a space with singularities. This assumption, made a long time ago 19 and reinvigorated by the S 1 =Z 2 compacti cation of M theory 20 , has been used to study supersymmetry breaking 21 , gauge coupling uni cation 22 , and other phenomenological and theoretical issues 23,24 regarding extra dimensions. It is not clear whether the string dynamics may be treated below M s as pure quantum eld theory in a higher dimensional space, especially since the separation between the compacti cation scale and M s is not large, but one can assume that this is the case and investigate the consequences.
The above considerations have a striking connection with the composite Higgs models: the required four-quark interactions may be induced by gauge dynamics in extra dimensions. The physical picture employed here is that the eleven-dimensional spacetime of M theory includes three at spatial dimensions and seven compact dimensions with a su ciently large volume to allow M s much below the Planck scale. The gauge elds are restricted to a region of this space which includes the three-dimensional at space and has a thickness larger than M ,1 s in extra dimensions. In this case, the gluons that have zero momentum in the extra dimensions correspond to the massless QCD gluons, while the ones with non-zero momentum in the extra dimensions are massive gauge bosons from a four-dimensional point of view, with a spectrum given by where q are all the quark elds, T a are the S U3 C generators, and g s is the QCD gauge coupling. The sum over KK modes should be cut o at modes of mass M s . The left-right current-current part of L c e has the same form due to a Firz transformation and the large-N c limit as the operators that produce scalar bound states, while the other parts of L c e do not contribute in the large-N c limit to the scalar potential.
It is clear that for a su ciently large number of extra dimensions, the number of KK modes, N K K , grows to the point where the attractive i n teraction between the quarks is strong enough to trigger electroweak symmetry breaking.
In practice, the sum 15 is super-critical for = 4 dimensions of size 2=M s . This result 11 is derived at tree level, so that it may be modi ed when loops are included. However, the qualitative picture appears to be robust.
Since the gluon couplings are avor universal, all the quarks participate as constituents in scalar bound states. The VEVs of these scalars may be controlled by additional interactions. For example, the KK modes of the hypercharge gauge boson give rise to four-quark interactions which are attractive for the up-type quarks and repulsive for the down-type ones. Therefore, the scalars made up of up-type quarks are the most strongly bound and they will be the only ones with non-zero VEVs provided the avor universal interactions are close to criticality. Furthermore, some avor non-universal interactions should prevent the bound states involving the up and charm quarks from developing large VEVs. Such i n teractions, as well as the perturbative four-fermion terms that should induce the light quark and lepton masses, could be accommodated by v arious avor physics scenarios above the compacti cation scale 23 .
It is convenient to assume that M s corresponds to the scale where the perturbative expansion in s N K K breaks down, which is usually larger than the compacti cation scale by less than one order of magnitude. Given that the compacti cation scale corresponds to the scale M of the four-quark operators, which is most likely in the 10 ,50 TeV range, the string scale is expected to be M s O 100 TeV. The compact space accessible to the gravitons has in this case a seven-dimensional volume of order 10 GeV , 7 .
The framework discussed here can be extended in di erent directions. For example, instead of using the gluonic KK modes for binding the composite scalar states, one can use some new gauge symmetries. Most economical would be an anomalous U1 which leads to the formation of only two Higgs doublets, as in Section II. Another interesting possibility is to allow the t R to propagate in extra dimensions such that its KK modes play the role of . Some of the above arguments change in this case because the couplings of the gluonic KK modes are modi ed.
In conclusion, a composite Higgs sector may be provided by quark-antiquark states bound by gluons propagating in compact dimensions. If the Higgs sector will be discovered in collider experiments, then the study of the spectrum will allow to distinguish the origin of the attractive four-quark interactions: new gauge bosons, or extra dimensions.
